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Introduction.
The concept of a ligand in a metal compound acting as a single-electron acceptor is a topic of much recent interest [eg. see "Forum" in volume 50 (issue 20) of Inorganic Chemistry] 1 . The accessibility of an empty orbital on a ligand in a coordination complex was originally referred to as a "non-innocent" ligand but this terminology does not clearly distinguish between metal ligand back-bonding in which a pair of electrons is transferred to an empty orbital and metalto-ligand charge transfer (MLCT) where a single electron is transferred to an empty ligand orbital, and the ligand is referred to as a "redox non-innocent" or "redox active" ligand. The latter process generates an electron-transfer complex in which an electron resides in the ligand LUMO and an electron hole remains on the metal-based orbital. The ground state electronic structure is then determined by how the biradical correlates the two electrons forming either a triplet state (M S = 1) or an open-shell singlet state (M S = 0).
Complexes of d-transition metals with redox active ligands have been extensively and intensively studied. 1 In contrast, complexes of the f-block metals, although they are known, are not as well studied, with most of the work only appearing recently. The thermochemistry for a dimer ⇌ monomer equilibrium, D ⇌ 2M, where M is an organic σ-radical, σ-R, and D is the dimer , σ-R 2 , is of fundamental interest since the value of ΔH is the bond dissociation enthalpy, BDE, for the σ-R 2 single bond. Although BED's for organic compounds are well known, only a few examples of BDE's for a specific σ-carboncarbon single bond and the associated bond distance in the dimer are known. The oldest dimer-monomer equilibrium is that of Gomberg's dimer, for which the value of ΔH of 11 kcal.mol -1 has been measured, [16] [17] [18] is not a simple σ-R 2 ⇌ 2σ-R dissociation due to the structure of the dimer. Recently, the thermochemistry of the σ-dimerization of the phenalenyl σ-dimer and the related aza-analogue have been measured. [19] [20] [21] The ΔH values of D ⇌ 2M for I and II in CCl 4 are 10 kcal.mol -1 and 11 kcal.mol -1 , respectively, and the associated ΔS 4 values are 15 and 18 cal.mol -1 .K -1 respectively. The C-C bond length in the copper bis(trifluoroactetylacetonate) complex of the dimer of II is 1.58 Å. This value is identical to that calculated for the σ-C-C distance in the σ-dimer of I, for which the calculated value of the BDE is 16 kcal.mol -1 . More recently, the ΔH value for the D ⇌ 2M, M is 2,6-di-tertbutyl-4-methoxyphenoxy radical of 6 kcal.mol -1 has been obtained along with the σ-C-C distance in the dimer of 1.605(2) Å. 22 The reversible coupling of two pyridine ligands in a β-diketiminate iron complex has recently been published in which the C-C distance of 1.563(6) Å was measured and a ΔH value of 11 kcal.mol -1 was estimated.
23
The dimer of the phenalenyl radical also forms π-dimers when Me 3 C groups are attached to the arene rings. [24] [25] [26] Although the ΔH values are similar to the σ-dimers, the π-C-C distances are much longer, as they range from 3.201(8) Å to 3.323(6) Å in the π-dimer of 1,4,7-(Me 3 C) 3 C 12 H 6 in D 3d symmetry.
This article shows that single electron transfer (SET) to a π-symmetry LUMO of a close-shell ligand results in a stretched and weakened C-C bonds, σ-R 2 for which ΔG ~ 0.
Results.
Synthesis. (2), are shown in Figure 1 (Plots of χ, χT, 1/χ and χT as a function of temperature are available in SI). The striking feature of the data in Figure 1 is that the curves have a similar shape that differs mainly by a scaling factor for the neutral and cationic adducts, although the overall magnitude of the µ eff value for 7 is noticeably smaller over the entire temperature range. This similarity is in contrast to what was observed for the various bipyridine adducts of Cp* 2 Yb described in earlier work in which the neutral bipy adducts have substantially lower
µ eff values relative to their cationic derivatives.
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Figure 1a. Plot of the effective magnetic moment, µ eff , as a function of temperature for 1-6 in the 2-300 K temperature range. These adducts are obtained by crystallization. Figure 1b . Plot of the effective magnetic moment, µ eff , as a function of temperature for 1-monomer after sublimation (red unflilled dots), 1-dimer after crystallization (blue filled dots) and 7 after crystallization (green squares) in the 2-300 K temperature range.
The effective magnetic moments of most of the neutral adducts have a slight temperature dependence as µ eff decreases from about 4 µ B to 3.2 µ B as the temperature decreases from 300 K to 5 K. The value of µ eff is somewhat lower than expected for two uncorrelated spin carriers Yb(III), 2 F 7/2 , and phen radical anion, 2 S ½ , for which a value of 4.83 µ B is expected at 300 K. Figure 1a with that of the cation begets the question of the identity of the anion in these neutral adducts. Although it has similar magnetic behavior, µ eff of 7 decreases from 3.5 µ B to below 2.5 µ B as the temperature decreases from 300 K to 5 K.
Yb L III -Edge XANES Spectra.
Yb L III -edge XANES spectra of the six neutral adducts, 1-dimer, 3-7, are shown in Figure 2 for data collected at both 30 K and 300 K. No significant change is observed over this 8 temperature range. All the spectra are characterized by a single white-line feature at about 8946 eV. This feature is indicative of the f 13 configuration. Another peak at 8939 eV, indicating the f 14 configuration as shown in Figure 2 by data on the intermediate valent Cp* 2 Yb(4-Me-bipy) compound, 4 8, is not clearly visible in the phen adduct spectra. These spectra were fit with methods described previously, 5 giving estimates of n f as shown in Table   2 . The Yb is these samples is found to be close to trivalent, Yb(III), with an f-hole occupancy
Figure 2. Yb L III -edge XANES spectra for 1-dimer,3-7 at 30 K (solid) and at 300 K(dotted). Also shown are previous data 4 on Cp * 2 Yb(4-Me-bipy) (n f = 0.79) for comparison. The shoulder at 8939 eV below the main peak at 8946 eV is indicative of the Yb(II) contribution, which is clearly seen in the bipy adduct data. The strong overlap of all the measured phen adduct data emphasizes the overall similarity in f-orbital occupancy. The small shoulder for each of the phen adducts indicates these samples are close to trivalent Yb. It is clear from Figure 2 that the Cp* 2 Yb fragments are based upon Yb(III), f 13 , which again begets the question raised from the magnetic data about the identity of the anion in the neutral adducts. The genesis of an answer is indicated by the EPR spectra.
EPR Spectra.
The EPR Spectra at 2 K of Cp* 2 Yb(phen) (1-dimer) and Cp* 2 Yb(3,8-Me 2 phen) (3) are shown in Figure 3 (a) and that of [Cp* 2 Yb(phen)]I (2) is shown in Figure 3 (b) . EPR spectra of the monomethyl adducts of Cp* 2 Yb, 4-6 are shown in Supporting Information. The g-values are given in Table 3 . Because of the high sensitivity of EPR, it is important to compare the EPR and magnetic susceptibility results to determine whether they are consistent. At the temperature at which the EPR spectra are obtained (~2 K), only the ground state is occupied in most cases. The effective magnetic moment of the ground state is determined from the EPR g-values using µ eff = 0.5 (g 1 2 +g 2 2 +g 3 2 ) 1/2, , which may be compared to the magnetic susceptibility data by extrapolating χT to 0 K then determining µ eff (0 K). As shown in Table   3 , the effective magnetic moments determined from the EPR g-values are consistent with those determined by magnetic susceptibility, so the EPR spectra can be assigned to the Yb complexes rather than to impurities. However, the fact that 1-dimer and 3-6 are EPR-active is surprising since it means that these complexes do not contain radical anions in sharp contrast to Cp* 2 Yb(bipy). 1/2 b) µ eff (0 K) was determined by using a linear fit of χT from 12 K to 45 K, and determining µ eff from χT extrapolated to 0 K.
X-Ray Crystal Structures.
The nature of the bonding in these complexes and the reason why 1-dimer, 3-6 are EPR active in contrast to 7 is clarified by their crystal structures. Although the phen adduct and substituted phen adducts are sparingly soluble in hydrocarbons and they have high melting points, Table 1 , the phen adduct sublimes at 180 -190 °C in an ampoule sealed under reduced pressure. The sublimation temperature must be maintained in this 10 °C range, since heating to a higher temperature results in substantial decomposition. In the 180 -190 °C range, a small number of well formed crystals grow during a week, which are suitable for X-ray diffraction. The ORTEP in Figure 4 shows that the sublimed crystals are well separated monomers of Cp*Yb(phen) (1-monomer is used to distinguish the sublimed compound from the crystallized compound, labeled as 1-dimer). The ORTEP of Cp*Yb(5,6-Me 2 phen) (7) in Table 7 (see below). The trends in these bond lengths in the phenanthroline rings in both dimers are consistent with the formulation of the N(1) pyridine ring as a neutral pyridine ring and the N(2) pyridine ring as a quinoid resonance structure in which N(2) carries a negative charge. These bond lengths are in sharp contrast to those observed in the monomeric adducts, Cp* 2 Yb(phen) and Cp* 2 Yb(5,6-Me 2 phen), as shown in Table 8 (see below). In these two adducts, the small differences between C-N and C-C distances in the pyridine rings containing N(1) and N(2) are consistent with their formulation as delocalized radical anions.
In the Cp* 2 Yb(x,x'-bipy) adducts, the changes in the C(2)-C(2') provide qualitative insights into the ground state electronic structure of these adducts. 4, 5 In these charge-transfer complexes, the SOMO of the bipyridine radical-anion has b 1 symmetry (in C 2v symmetry) and the C(2)-C(2') distance, represented by A in Scheme 1, shortens relative to the equivalent distance in the free bipyridine ligand, since these C-pπ-orbitals are a bonding combination. A related analysis of the C-N and C-C distances in the phenanthroline adducts is not as straightforward since (i) the distance represented by A is part of a rigid-ring system and (ii) the LUMO and LUMO+1 orbitals of b 1 and a 2 symmetry (in C 2v symmetry), respectively, are close in energy, Figure 9 , and population of these bonding and antibonding orbitals results in (32) 1.384(6) N(2)C(31) 1.374(6) +0.010 C(21)C (22) 1.399 (7) C (30)C (29) 1.352 (7) +0.047 C(22)C (23) 1.388 (7) C (29)C (28) 1.529(9) -0.141 C(23)C (24) 1.394 (7) C(28)C(27) 1.547(9) -0.153 C(24)C (32) 1.419 (7) C(27)C(31) 1.403(7) +0.016 Table 8 . C-N and C-C bond distances in 1, monomer and 7. e) The differences in Å between the distances in ring 1 and ring 2.
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The description of the geometry around C(28) in the Cp* 2 Yb(3,8-Me 2 phen), 3 is less straightforward since two positions for the C(28) atom are occupied (C(28) and C(28B)).
While solving the structure, a singularity appeared at atom C28. The problem was addressed in two ways: (i) the C28 atom is forced to remain in the mean plane of ring 2 and (ii) a positional disorder model in which C28 and C28B are assigned an occupancy ratio of 0.67:0.33, respectively. Solution (i) led to elongated thermal ellipsoid perpendicular to the mean plane of ring 2, Figure S22 representing this tentative solution is shown in the Supporting Information. In this representation the C(28)C(28') distance is 3.00 Å. Solution (ii) led to well-behaved thermal ellipsoids for C(28) and C(28B) but their position differs; C(28) is comparable to that of the C(28) atom in 1-dimer with elongated C(28)-C(29,27) distances (see Table 7 ) of 1.529(9) Å and 1.547(9) Å, respectively, and a C (28) may be viewed as the average between these two forms (σ-dimer and π-dimer) in which the energy difference between them is small.
Vis-NIR Spectra.
The Vis-NIR spectra in the 400-950 nm range in toluene solution at 20 °C for the crystallized adducts of 4-Mephen (5) and 5-Mephen (6) are similar to the spectrum of Cp* 2 Yb(phen) (1) reported in an earlier paper. 27 The spectra are available in SI. Morris and co-workers have given a detailed analysis of the solution spectra from 400 nm to 2500 nm of [Cp* 2 Yb(phen)] 0,+ . 6 The key point that emerges from these spectroscopic studies is that the 22 spectra of the neutral adducts contain features associated with the phenanthroline radical anion, an absorption around 500 nm, along with f-f transitions at longer wavelengths.
H NMR Spectra.
The chemical shifts in C 6 D 6 or C 7 D 8 at 300 K for the neutral adducts are given and assigned in Table 9 ratio. This is in agreement with the presence of monomeric Cp 
Calculations.
The CASSCF methodology used in previous papers for the bipyridine adducts of Cp* 2 Yb is extended to the monomeric phenanthroline adducts, Cp* 2 Yb(phen) (1) The dimerization reaction is also studied by DFT calculations. The Cp* rings are replaced by Cp in these calculations since the full system for the dimer is prohibitively large.
A transition state is calculated to be 15.4 kcal.mol -1 (in Gibbs energy) above the monomers and the dimerization reaction is exoergic by 3.1 kcal.mol -1 (Figure 12) , consistent with the experiental observation that Cp* 2 Yb(phen) is a dimer. The calculated distance of the C-C bond formed in 4,4'-positions (1.596 Å) is in resonable agreement with the elongated C-C bond found in the solid state structure (1.619 Å). The transition state involves two molecules of Cp 2 Yb(phen) with similar bond distances as calculated for the dimer, but with a C-C bond distance of 1.800 Å, the structure of the transition state is shown in Figure S26 .
Figure 12. Reaction coordinate diagram for dimerization of Cp 2 Yb(phen).
Discussion.
Although the molecular geometry of monomeric Cp* 2 Yb(phen) is similar to that found in the wide range of bipyridine adducts, their electronic structures are different. 4, 5, 27 for what is known and as a guide for future experimental studies.
Whether a monomeric ytterbocene diimine complex has a triplet or singlet ground state is largely governed by kinetic exchange, that is, by mixing of excited state configurations into the ground state. 36, 37 The interaction between the half-occupied ligand orbital and a halfoccupied 4f-orbital stabilizes the singlet state while interactions between the half-occupied ligand orbital and the empty metal based orbitals on the Cp* 2 Yb fragment, especially the 5d-orbitals, stabilize the triplet state. To a first approximation, the strength of the interactions between the half-occupied ligand orbital and the metal orbitals are proportional to the square of the overlap and inversely proportional to the difference in energy between the ligand and metal orbitals. Since the overlap between the ligand orbitals and the Yb 5d orbitals is anticipated to be significantly larger than the overlap with the Yb 4f orbitals, whether the ground state is a singlet or triplet depends in large part on the energies of the ligand orbitals.
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If the half-occupied ligand orbital is close in energy to the 4f-orbitals and has the proper symmetry to overlap with the lone half-filled Yb 4f-orbital, the singlet state is likely to be lowest in energy. However, if the half-occupied ligand orbital is not close in energy to the 4f orbitals or does not have the proper symmetry to overlap with the half-occupied Yb 4f orbital, the interaction between the half-occupied ligand orbital and the Yb 5d orbitals will be stronger, and the triplet state will be stabilized. If the ligand has empty orbitals close in energy to the half-occupied orbital, the ground state could be either a singlet or triplet depending on whether the interaction between the ligand orbitals and the singly occupied 4f-orbital is greater or weaker than the interactions with the empty 5d orbitals.
In Cp* 2 Yb(bipy), the open-shell singlet is calculated to be 0.28 eV below the triplet and the experimental value of the singlet-triplet energy difference is about 0.1 eV by comparing to the Hubbard model. 11 When an f-electron is transferred to the LUMO, only one of the four possible π*-orbitals, the b 1 -orbital, is of sufficiently low energy to be populated and the unpaired spin density is distributed among the pπ-orbitals on the C and N atoms of the bipyridine ligand. In this case, the half-occupied ligand orbital and the half-occupied Yb 4f
orbital are close in energy and have the same symmetry, b 1 , so the kinetic exchange configuration interaction stabilizes the open-shell singlet. This model fits all of the experimental and computational studies associated with the bipy adducts.
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In contrast, the LUMO and LUMO+1 of phenanthroline are close in energy ( Figure 9 , Chart 1) so that when electron transfer occurs, the electron occupies either the π* 1 and/or π* 2 orbitals, or both, which have b 1 and a 2 symmetry, respectively, (in C 2v symmetry). 41 As in Cp* 2 Yb(bipy), the b 1 orbital will be stabilized by interaction with the half-filled Yb 4f-orbital, which stabilizes the singlet state. This assumes that the orbital from which the electron on the close-shell Cp* 2 Yb metallocene is removed does not undergo reorganization, that is, the hole remains in a b 1 symmetry orbital. The a 2 orbital will not be stabilized by Yb 4f-orbitals since the single half-occupied orbital has b 1 symmetry. The ligand a 2 orbital can be stabilized by interaction with the empty Yb 5d orbitals. If the a 2 orbital is half-occupied, the triplet ground state will be stabilized, which is the case for all of the monomeric ytterbocene phenanthroline complexes reported here.
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Chart 1.
The difference between the bipyridine and phenanthroline adducts can be illustrated using a MO diagram as illustrated in Figure 13 . While the MO model does not capture the stabilization of the triplet or singlet state due to configuration interaction, the stable spin state is indicated by the relative spins of the electrons as indicated by the arrows in Figure 13 . orbital is replaced by the a 2 orbital. Both of these cases can result in singlet ground states.
Case (iii), Figure 13 , left-hand side, is applicable to the phen adducts described above. Thus, an electron in the a 2 -ligand-based orbital is stabilized by interaction with a dπ orbital of a 2 symmetry on the Cp* 2 Yb metallocene resulting in the a 2 -MO below the b 1 -MO, resulting in a spin-triplet ground state, since the hole in the f-manifold is in a b 1 symmetry orbital. Case (iii) is more versatile since the methyl substitutents change the relative energies of the b 1 and a 2 -orbitals generating the expectation that the magnetic properties can be controlled by the b 1 -a 2 separation. Figure 13 . Qualitative MO diagram comparing bonding in Cp* 2 Yb(bipy) and Cp* 2 Yb(phen) monomer. Only the unpaired 4f electron is illustrated; the orbitals below those with arrows are filled. The direction of the arrows indicate the ground state: Cp* 2 Yb(bipy) has a singlet ground state while Cp* 2 Yb(phen) has a triplet ground state.
Inspection of the b 1 -orbital in phen -shows that the spin density is more likely to reside on N, C(2,9), C(3,8), and C(4,7) whereas in the a 2 -orbital the spin density is likely to be found on C(2,9), C(4,7) and C(5,6), chart 1. Thus, the unpaired spin density on N is greater in the b 1 -orbital than in the a 2 -orbital. Population of the a 2 -orbital increases spin density on pπ- orbitals of C(4,7), which is the site of C-C bond formation in the dimer. Thus, substituents on the phenanthroline ring in the ytterbocene adducts modulates the unpaired spin density of the pπ-orbitals and the radical character at a given site and therefore the site at which chemical reactions occurs.
Dimerization of two σ-carbon radicals forming a σ-C 2 single bond involves two enthalpy changes with opposite signs. The exothermic term involves C-C bond formation, about 80-85 kcal.mol -1 , and the endothermic term is due to loss of resonance stabilization in the σ-radical, estimated to be about 35 kcal.mol -1 per radical. 34 The net enthalpy changes favor dimerization but loss of entropy results in ΔG being close to zero.
Conclusion.
The key conclusion in this article is that the electronic ground states for Cp* 2 Yb(phen), the X-ray structural determinations were performed at CHEXRAY, University of California, Berkeley. Magnetic susceptibility measurements were made for all samples at 1, 5 and 40 kOe in a 7 T Quantum Design Magnetic Properties Measurement System that utilizes a superconducting quantum interference device (SQUID). Sample containment and other experimental details have been described previously. 44 It is important to note that the susceptibility values obtained when the samples were contained in Kef-F containers and quartz tube are identical within experimental errors. 27 Diamagnetic corrections were made using Pascal's constants. The samples were prepared for X-ray absorption experiments as described previously, and the same methods were used to protect these air-sensitive compounds from oxygen and water contamination. 5 The samples were loaded into a LHeflow cryostat, and X-ray absorption measurements performed at the Stanford Synchrotron
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Radiation Lightsource on beamline 11-2. Data were collected at temperatures ranging from 30 to 300 K, using a Si(220) double-crystal monochromator. Fit methods were the same as described previously. 5 Reported spectra were energy calibrated by setting the first inflection point of the absorption spectrum on a Yb 2 O 3 reference sample to 8943 eV. Low temperature (ca. 2 K) EPR spectra were obtained with a Varian E-12 spectrometer equipped with an EIP-547 microwave frequency counter and a Varian E-500 gaussmeter, which was calibrated using 2,2-diphenyl-1-picrylhydrazyl (DPPH, g= 2.0036).
Calculations. The ytterbium atom was treated with a small-core relativistic pseudopotential with 5-methyl-1,10-phenanthroline (5-Mephen, 0.060g, 0.309 mmol). Toluene (10 mL) was added at room temperature and the purple solution was stirred for 2h at room temperature.
The volume of solvent was concentrated to 5 mL, then cooled at -20°C. A dark powder crystallized in the same crystal system and space group but with different cell parameters and contained only one molecule in the unit cell, 
